material for demonstration of the phenomenon; Bryophyllum calycinum, in particular, has been repeatedly investigated. Most studies have dealt with the titratable acidity of extracts of the leaves and with attempts to account for the chemical interconversions that take place in terms of reactions in which carbohydrates share. BENNET-CLARK (1) reviewed the earlier literature in 1933 and pointed out that the physico-chemical properties of polybasic organic acids must be taken into consideration in the interpretation of the results of titration. He agreed with previous workers, however, who had claimed that malic acid is the component which increases during the night and decreases during illumination of the leaves.
As a general working hypothesis to account for the observed behavior, BENNET-CLARK suggested that polysaccharides are converted to monosaccharides (sedoheptose, a 7-carbon sugar, in the case of Sedum praealtum) which, in turn, are oxidized to malic acid during the period when the leaves are darkened. The reverse reaction occurs during illumination. No evidence was obtained regarding the by-product of the conversion of monosaccharide to malic acid (respectively, compounds containing 6 and 4 carbon atoms) which was assumed to be a compound that contained either 1 or 2 carbon atoms (3 in the case of sedoheptose). The observations suggested, however, that carbon dioxide is not produced, and he expressed the view that, whatever the nature of the by-product, it was probably ultimately converted back into the polysaccharide. Accordingly, in its simplest form, BENNET-CLARK'S speculation on the mechanisms that underlie crassulacean metabolism involves an equilibrium between malic acid and a polysaccharide; this equilibrium is upset in one direction or the other according to the conditions of illumination of the leaves.
The most comprehensive investigations of crassulacean metabolism that have been made since the appearance of BENNET-CLARK's review are those of WOL.F (14, 15, 16, 17, 18) . This investigator studied organic acid fractions isolated by extraction with ether and likewise observed a reciprocal relationship between the quantities of organic acids and carbohydrates, undergoes fluctuations parallel with those of malic acid and obtained evidence for the presence of an unknown optically active organic acid which also shares to some extent in the changes.
The identification in this laboratory of isocitric acid as one of the major organic acid components of Bryophyllum calycinum leaves (9, 12) , and also independently at the same time by Nordall (8) in two other species of Crassulaceae, has solved the problem of the nature of the so-called crassulacean malic acid and throws light upon WOLF'S statements regarding the unknown optically active organic acid of Bryophyllum leaves. Moreover, the development in recent years of analytical techniques for the common plant organic acids as well as the advances that have been made in the theoretical approach to the understanding of carbohydrate metabolism in living tissues suggested that a reinvestigation of one of the oldest problems in plant biochemistry might be rewarding. A report upon the changes in the chemical composition of Bryophyllum calycinum over a period of 24 hours of alternate light and darkness is accordingly given in the present paper.
Preparation of samples A group of 40 young plants that had been transplanted into sand in individual crocks on October 24, 1939 was treated with a complete culture solution containing nitrate as the source of nitrogen [see (11) for details of composition] for 126 days when four closely similar large plants and four similar smaller plants were selected for the experiment. On February 27, 1940, a bright sunny day which became cloudy in the middle of the afternoon, a single large and a single small plant were harvested, respectively, at 6: 10 A.M. (standard time), 12: 10 P.m., 4: 10 P.m., and at 6: 10 A.M. the following morning. The 6 to 9 fleshy simple leaves in the lowest position on the stem (hereinafter referred to as basal leaves) were collected separately, the petioles being left attached to the stem. The leaflets from the upper compound leaves formed a second and larger sample from each plant. After removal of the basal leaves and leaflets, the stem with the attached petioles was cut at the level of the sand. For each point of time, there were thus two samples of leaves and one of stem and petiole tissue for each separate plant, or 24 in all. The samples were dried and prepared for analysis as previously described (10). Table I shows the numbers of basal leaves and of leaflets, the fresh weights and organic solids, the length of the stem and the organic solids of combined stem and petioles both for the four larger plants and the four smaller plants. In addition, total organic acids and starch of the leaves of the larger plants are included, the data being calculated in terms of grams per single plant. It figure 1 shows the pH of extracts of the dried leaf tissue. Independent experiments showed that determinations of pH made on juice expressed from fresh tissue were identical with those made on extracts from the same sample after it had been dried and, furthermore, that the pH of expressed juice is stable for at least 24 hours and is essentially unchanged even after the juice has been boiled. Any differences observed were at most a few units in the second place of decimals of pH and could be neglected. This result is to be anticipated because of the strong buffering action of isocitric and malic acids in the range of these observations. The basal leaves were initially at a somewhat higher pH than the leaflets in both the large and the small plants but, in all samples, pH rose steadily during the day and fell during the night. There was a small difference in the magnitude of the change and in the slope of the curves for the basal leaves in the two sizes of plants but the curves for the two sets of leaflets were so nearly identical that only that for the large plants is shown. The magnitude of the change in the leaflets was of the order of 0.75 of a p1H unit; thus the actual concentration of hydrogen ions in the plants in the early morning was about 5 times as great as that present in the afternoon. However, this does not mean that there was 5 times as much acid, although it indicates a substantial change.
Alkalinity of ash, shown in the middle diagram of figure 1, is expressed in milliequivalents and represents a titration of the inorganic carbonate and alkaline oxide present after all organic matter had been burned away. It is a quantity which would not be affected by changes in the organic acids unless these changes led to transport of inorganic salts into or out of the leaves. In the present case, there was little evidence of such an effect save possibly in the observation at 24 hours for the basal leaves.
ORGANIC SOLIDS In attempting to interpret the analytical data of the present experiment, it must be held in mind that each point of observation represents the composition of a separate plant. That the plants in each set were not exactly the same in size or weight, in spite of careful selection based on a visual appraisal of their appearance, is evident from the data in table I. Nevertheless, the plants were of the same age, had been grown under as nearly identical conditions as possible and were all members of the same clon. frregularities less than about 10% that follow no consistent pattern in the curves are accordingly assumed to arise from such factors as biological variation or differences in hydration or both. Changes in the curves that do follow a consistent pattern and which are of a magnitude greater than 10% are assumed to have arisen from actual changes in composition brought about by the conditions of illumination. All statements must therefore be regarded as being subject to these limitations.
The curve for the organic solids of the leaves ( fig. 1 ) furnishes a measure of the limits within which the four plants duplicate each other. The net accretion of organic solids from photosynthesis during, the period of illumination was manifestly too small to be demonstrated and was certainly far less than 107o SO that change from this cause can be neglected. Loss of organic solids from respiration during the night also fails to show in the curves. The four values for organic solids of the leaflets of the large plants were 66.6, 64.2, 60.8, and 69.2 gm. per kilogram. The mean is 65.2 + 3.6, the deviation being ± 5.57% of the mean. Thus, the organic solids were constant well within the arbitrary limitation set. The leaflets of the smaller plants and the basal leaves of both sets were even less variable. Accordingly, the actual net changes in over-all organic composition as the result of photosynthesis, respiration, or other chemical change, or in degree of hydration of the tissue were of an order no greater than about 5%.
The curve for concentration of organic solids in the leaflets of the smaller plants lies above that for the larger plants: the smaller plants evidently were somewhat less highly hydrated. The curves for the basal leaves of the two sets of plants are not shown since they were nearly identical with that for the leaflets of the larger plants. In general, then, it is evident that the composition of the leaves of the two sets was sufficiently constant to justify the assumptions made.
The curves for organic solids likewise furnish evidence of constaney of the hydration since the water content of the samples is the difference between one kilogram and the sum of the organic solids and the ash. The curve for the ash content of the leaflets at the bottom of the figure is very nearly a horizontal straight line. Clearly, the variation in the hydration was within the limits adopted. NITROGENOUS COMPONENTS No detailed examination of the nitrogenous components of the samples was attempted but the total nitrogen, protein nitrogen, and soluble nitrogen are shown in figure 2. Total nitrogen of the leaflets of the large plants dropped slightly during the day and the curve resembles that for organic solids in figure 1 . The drop might therefore have been a result of a slight increase in hydration rather than an indication of the presence of a smaller actual concentration of nitrogen in the leaflets of the plant collected in the afternoon. Total nitrogen of the basal leaves also dropped but there was no recovery during the following night. The deviation was 4.1% of the mean value for the leaflets of the larger plants and 6 .3%o for the basal leaves.
The total nitrogen of the leaflets of the smaller plants is also shown. Comparison of these curves with those for organic solids ( fig. 1) shows that the variations in nitrogen and in organic solids ran parallel with each other, a further indication that the small irregularities arise chiefly from moderate differences in hydration.
The protein nitrogen of the leaflets underwent a change that was, however, much too large to be attributed to such an effect. During the morning and early afternoon, there was a decrease that amounted to about onethird of the protein present in the early morning, but restoration occurred during the night. The curve for soluble nitrogen showed a rise during the day and a fall at night that was symmetrical both in position and magnitude with the change in protein. The increase in the soluble nitrogen amounted to about 70% of the early morning value. Similar changes were observed in the leaflets of the smaller plants (not plotted). The behavior is consistent with the view that, in the younger leaves, a substantial part of the protein underwent conversion to soluble products2 during the day but was resynthesized during the night. No similar behavior was observed in the basal leaves of the larger plants although there was a detectable rise in the soluble nitrogen and fall in the protein nitrogen of the basal leaves of the smaller plants. That the change in the quantity of soluble nitrogen, and, accordingly, also of the protein, was not a result of the change in pH of the tissues can be inferred from these observations on the basal leaves. Furthermore, separate experiments in which the nitrogen extracted was determined after adjustment of the pH of a typical sample of dry leaf to various points within the range of the present experiment likewise showed no effect of pH on the solubility. WOLF (14) , who studied the nitrogen metabolism of crassulacean plants in 1931 Figure 3 shows the changes in total organic acids, the data from both large and small plants being given. The leaflets lost about one-third of the quantity of acid present at daybreak but this had been completely restored by the following morning. The change in the basal leaves was smaller; the concentration of acids in these was lower to begin with and the loss was only from one-fifth to one-quarter of the amount present in the early morning. Furthermore, for reasons that are not readily apparent, restoration during the night was less complete. Nevertheless, the classical phenomenon of diurnal variation in acidity is clearly evident in the leaves of both sets of plants. The behavior of the basal leaves is similar to that noted by WOLF for old leaves of the same species.
CARBOHYDRATES
Before going into the details of the changes in acid composition of these leaves, the data for starch and soluble carbohydrates ( fig. 4) should be considered. Starch underwent a change in concentration in the leaflets reciprocal to that of the total organic acids reaching its maximum late in the afternoon and diminishing during the night. The magnitude of the change was less than that of the change in the acids; the concentration of starch (calculated as glucose) increased by about 6 gm. during the day, the parallel loss in organic acids being nearly 11 gm. During the night, the concentration of starch diminished by about 6.7 gm. while that of acid increased by about 10 gm. In the basal leaves, the loss of acid during the day was about 5.5 gm. and the gain of starch about 2.4 gm. as the average of the two sets of plants, but the gain in acids during the night was only about 2 gm. while the loss in starch was 3.7 gm. Clearly, the figures for loss and gain are in no case equal but they are nevertheless similar to the extent that a large change in the concentration of the acid is associated with a large change in starch.
It must be remembered, however, that the quantities mentioned are concentrations. Reference to table I, which gives quantities per plant, shows that the number of grams of starch laid down in the leaves during the day was far less than the quantity of organic acids that disappeared. On the other hand, the loss of starch during the night and the gain of organic acids were nearly equal. Thus, although it is possible that the acids synthesized during the night may have originated from the metabolism of starch, the reverse of this reaction in daylight could account for only a part of the acids that disappeared and the fate of the balance is by no means clear from the present evidence.
Total soluble carbohydrates (lower part of fig. 4 ), unlike starch, showed no clearly evident reciprocal relationship with acid content. Although there was an increase during the day and a decrease at night, the quantities involved were small and the behavior of the large plants differed in detail from that of the small plants. Whether or not the small increases during the day are the result of photosynthesis cannot be demonstrated since there was no significant change in the organic solids. The small decreases at night were associated with a large decrease in starch; thus if starch was converted into a soluble carbohydrate (glucose) as its primary decomposition product, this substance did not accumulate. The velocity of the reactions whereby soluble carbohydrates were transformed into other substances must therefore have exceeded the velocity of the decomposition of the starch.
INDIVIDUAL ORGANIC ACIDS Details of the changes in concentration of the organic acids are shown in figure 5 . The outstanding change occurred with malic acid; this dropped from about 16.5 gm. per kilogram of fresh tissue at daybreak to about 6.7 gm. at 4 in the afternoon but had been restored to about 15.5 gm. by the following morning. The curve for the leaflets of the larger plants only is plotted; that for the smaller plants was identical within a few tenths of a gram at all points.
Diurnal variation in acid content of crassulacean plants has from the time of MAYER been held to arise from changes in the content of malic acid but the evidence has, for the most part, consisted in determinations of the titratable acid as a measure of the magnitude together with the isolation of malic acid from enriched specimens as proof of the nature of the dominant acid.3 The present data rest upon determinations of malic acid by a specific method and are not open to doubt regarding the identity of the acid that underwent change in concentration. KREBS and EGGLESTON (7) have also demonstrated diurnal variation of malic, citric, and isocitric acids in Bryophyllum leaves by specific analytical methods, and found that alterations in malic acid accounted for 83%o of the total change. However, their observation was based on a single brief experiment carried out in the course of the development of an enzymatic method to determine isocitric acid.
Isocitric acid increased in concentration in the leaflets of the larger plants by about 1.5 gm. during the first 6 hours, diminished slightly during the afternoon and remained constant during the night. In the smaller plants, the level of isocitric acid was higher at the start and remained constant during the morning, dropped moderately during the afternoon and remained essentially constant during the night. Isocitric acid in the younger leaf tissue therefore played a subordinate part in the changes in acidity; no clear pattern of change is manifested.
In the older basal leaves, malic acid underwent alterations that were similar to but less extensive than those in the leaflets. Only one set of data is plotted, the differences between the two sets being minor; both showed a substantial loss of malic acid during the day with recovery during the night. Isocitric acid was somewhat higher in the basal leaves of the larger plants than in the leaflets at the start but diminished after 6 hours to the same point and thereafter remained nearly constant. The curve is not plotted because throughout most of its course it is indistinguishable from that for the leaflets.
Although citric acid makes up only a minor part of the total acids of Bryophyllum leaves, it shares in the progressive metabolic changes in acidity to a small extent. The data are shown in the lower part of figure 5 . In the leaflets, citric acid dropped in concentration during the day by about 0.5 gm. or, roughly, one-fifth of the quantity present at dawn, and increased during the following night to a level appreciably higher than that initially present. The leaflets of the smaller plants behaved in the same way. In the basal leaves, the changes were smaller and were probably scarcely significant although a pattern of change similar to that in the leaflets was evident.
That citric acid, like malic acid, normally undergoes diurnal variation in Bryophyllum leaves was first demonstrated by GlTHRIE (5) although the relative importance of the change in the concentration of citric acid in the present material seems to have been rather less than it was in the leaves studied by that investigator. oowever, the observation has been confirmed by WOLF (17) as well as by BORGSTROlM (2) and by KREBS and ElgLEsTON (7), and the present data furnish further evidence. Nevertheless, the relative order of magnitude of the diurnal variation of citric acid seems always to be much smaller than that of malic acid.
Oxalic acid makes up a minute proportion of the total organic acids of Bryophyllum leaves and the curve for the leaflets ( fig. 5 ) is indistinguishable from the base line. Although there appear to have been slight changes in the concentration and these followed the fall and rise in malic and citric acids, the quantities involved were far too small to suggest that this substance undergoes diurnal variation in concentration. A similar statement is true for oxalic acid in the basal leaves. SOLUBLE CARBOHYDRATE Details of the changes in soluble carbohydrates are shown in figure 6 which is plotted on a scale five times that of figure 4. The data do not follow a clear-cut pattern although glucose rose slightly in the leaflets during the day ahd fell at night. Sedoheptose scarcely changed in concentration in the leaflets during the day but fell at night. In the basal leaves, glucose fell during the first 6 hours, then rose rather sharply during the afternoon and fell during the night. Sedoheptose, however, rose significantly during the day and fell during the night. The data for sucrose show that only minor variation of the small quantity present occurred.
The behavior of soluble carbohydrates in the smaller plants during the day was not exactly like that of the larger plants. None of the data have been plotted in order to avoid unnecessary complexity of the figure. On the whole, the only point on which most of the results agree is that there was a fall during the night.
Glucose is doubtless the monosaccharide in immediate equilibrium with starch but the velocities of the reactions in which this sugar was involved were such that only moderate alterations in the quantity present occurred notwithstanding the large changes in the concentration of starch. The metabolic relationships of the other soluble carbohydrates are by no means clear but, in view of the probable reactivity of these substances, irregularities of the type observed in the curves are all that could be expected. Truly significant results could be secured only if analyses were made of samples that represented large numbers of plants. Nevertheless, it may be noted that sedoheptose in the basal leaves behaved in essentially the manner observed by BENNET-CLARK. STEM TISSUE Analytical data for the stem tissue are included to illustrate the contrast in behavior with that of the leaves. Figure 7 shows that the pH underwent diurnal variation but the initial point at pH 4.7 is appreciably less acid than the minimal acidity attained by the leaves in the afternoon. Not only is stem tissue considerably less strongly acid than leaves but the range through which change took place was smaller. The alkalinity of the ash was essentially constant save for the observation at noon; it is doubtful that the small increase at that time has significance.
Organic solids and ash were both satisfactorily constant for the four plants as was total nitrogen. The nitrogen content of the stem was appreci-ably greater than that of the leaf but almost half of it was nitrate nitrogen. Of the balance, about equal parts consisted of protein nitrogen and soluble nitrogen other than nitrate. In this plant, unlike tobacco, nitrate nitrogen is apparently accumulated in the stem; only small amounts were present in the leaf (fig. 2) . Figure 8 shows the behavior of organic acids and carbohydrates. Total organic acids of the larger plants diminished slightly during the day and increased to nearly the initial level at night but the relative magnitude of the change was too small to make it certain that this is an example of true diurnal variation. In the smaller plants, there was indeed a drop during the morning, but a high value for "isocitric acid"4 in the sample collected in the afternoon suggests that increase in this component may have occurred.
The data for malic acid in both large and small plants show no clear evidence of change and it may be concluded that, at least as far as the present experiment is concerned, the stem tissue of Bryophyllum plants does not undergo significant diurnal variation in malic acid. Citric acid also remained constant.
On the other hand, there were variations in the carbohydrates that were obviously significant. Starch increased markedly in the stems of both sets of plants during the day, in fact by 30% or more of the early morning value, and fell well below the initial value during the night. Much of the loss at night can be satisfactorily accounted for by the increase in glucose although the accumulation of starch during the day took place during a period when glucose remained nearly constant, a possible evidence of transport from the leaves. Both sucrose and unfermentable carbohydrate (not plotted) were low initially and changed very little so that the major changes consisted essentially of alterations in the relative concentration of starch and of glucose. There is no indication from these curves of substantial disappearance of carbohydrate components from the stem tissue during the night as was the case in the leaves and, accordingly, the data for the carbohydrates are in essential agreement with the conclusion already drawn; namely, that there is no convincing evidence for the presence of the crassulacean type of metabolism in the stem tissue of the Bryophyllum plant.
There remains to be explained, however, the systematic change in the pH. This followed a pattern entirely consistent with the view that stem tissue shares to a moderate extent in the diurnal change in acidity of the leaf tissue in spite of the fact that the acids in the stem did not change detectably in concentration. However, change in pH can equally well be accounted for in terms of alteration in the acid-base relationships. In view of the failure of the alkalinity of the ash to conform with the change in pH, this alteration could scarcely arise from changes in the relationships with inorganic components. Accordingly, in the absence of evidence, it may be assumed that the change in pH is the result of a temporary increase in organic base during the period of illumination followed by a decrease at night. Discussion The present data confirm and in certain details extend previous information on the diurnal behavior of Bryophyllum calycinum. As has long been held, variation in acidity can be largely accounted for in terms of progressive alterations in the concentration of malic acid in the leaf tissue, and citric acid shares to a moderate extent in these changes. Isocitric acid, although it is the second most important component of the leaves collected in the early morning and the predominant acid in leaves collected in the afternoon, did not, in the present experiment, undergo parallel systematic changes in concentration; it followed, rather, an irregular course.
There is every reason to assume that soluble carbohydrates are concerned in the reactions that take place, but the observed changes in concen-tration of these components were minor ones; as has been pointed out by WOL, it is(tcwhich increases markedly when the acids dimini and which decreases when the aids a_ rnthesized. Nevertheless, on chemical grounds, it is necessary to assume that the soluble carbohydrates, especially glucose, behave as intermediates in the series of chemical reactions so that the accumulation or diminution of the soluble carbohydrates is a function of the relative velocities of these intermediate reactions. Clear demonstrations only of the accumulation or diminution of the respective endproducts can be obtained.
Present day views on the metabolism of carbohydrates in living tissues, especially in the animal tissues that have been chiefly studied, suggest that carbohydrates are linked with organic acids by means of a series of enzymatic reactions most of which are reversible equilibria. Respiration in pigeon breast muscle as well as in many other tissues is specifically accounted for in terms of the Krebs tricarboxylic acid cycle and the tendency today is to invoke this fundamental scheme for the oxidation of carbohydrates in explaining many other biochemical phenomena. CHIBNALL (4) suggested in 1939, shortly after the scheme was originally proposed, that respiration in plant tissues may well be accounted for along similar lines, and the cycle has also served in speculative attempts to deal with some of the phenomena of amide metabolism in plants (13) .
Crassulacean metabolism is clearly a further case upon which light may be shed by the Krebs tricarboxylic acid cycle. Even in the absence of specific information on the enzyme systems present in Bryophyllum leaves, it is obvious that the transformation of starch to organic acids at night involves oxidative reactions and there is a possibility that these reactions undergo at least partial reversal when the leaves are illuminated.
The variation in the oncentration Om leaves and the reciprocal relationship between protein and the concentration of the soluble nitrogen introduces into the general problem a new factor that may possibly be of great significance. Diurnal variation in leaf protein seems rarely to have been studied. Those investigators who have examined the nitrogenous composition of leaves throughout a single day appear to have restricted their analytical examinations for the most part to the total nitrogen. CHIBNALL (3), however, studied the protein content of runner bean leaves collected at nightfall and in the early morning and demonstrated that there was a fall in protein during this period of 1.8% of the evening value, and a parallel fall of 9% in non-protein nitrogen and of 2.5% in total nitrogen. These results were interpreted in terms of translocation of protein digestion products away from the leaf during the night. The change is that to be anticipated in a rapidly growing plant. The behavior of the protein of Bryophyllum leaves appears to be something entirely different. The data, like those of CHIBNALL, are expressed in terms of concentration in the fresh weight of the tissue but they refer to the whole of the leaflets (i.e., the younger leaves) of a single plant rather than to the relative composition of opposite members of pairs of leaflets one of which was collected at night, the other in the morning. The phenomenon is a major one; it is not a measure of the small quantity of nitrogen contributed by the leaves in elaborated form to the stein and roots in order to care for their requirements for growth. It The classical phenomena of decrease in organic acids during the day and increase at night were observed and the change was found to arise largely from alterations in the concentration of malic acid although citric acid shared to a moderate extent. Isocitric acid did not change in concentration in a similar regular progressive manner. Only a trace of oxalic acid was present and no significant change was detected.
Starch was synthesized during the day and the quantity that disappeared at night was closely similar to the increase in the quantity of organic acids. Soluble carbohydrates, especially glucose and sedoheptose, varied between moderate limits, the behavior of glucose being consistent with the view that it is an intermediate in the reactions whereby starch was presumably converted to organic acids at night.
The protein of the leaflets underwent an extensive transformation during the day to products that were determined as soluble organic nitrogen; this reaction was reversed during the night.
The behavior of the stem tissue was different from that of the leaves in that only small changes of most of the components occurred. Although there was a moderate progressive change in pH similar to that in the leaves, there was no significant change in malic acid. The concentration of starch decreased substantially at night but there was a simultaneous increase in glucose so that the net change was small. It was concluded that the stem tissue of Bryophyllum calycinum does not display the classical phenomena of crassulacean metabolism to a significant extent.
Although specific interpretation of the reactions is impossible in the absence of information on the enzyme systems present in the leaves of this plant, it is probable that the disappearance of starch at night coupled with the increase of malic and, to a lesser degree, of citric acid are the result of oxidation of carbohydrates by mechanisms allied to those of the Krebs tricarboxylic acid cycle. To what extent the synthesis of starch and the disappearance of organic acids during the day may represent a reversal of the reactions that occur at night is not evident from the present data.
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